A drastic change in the conductivity of strained BiFeO 3 (BFO) films is observed after illuminating them with above-band gap light. This has been termed as persistent photoconductivity. The enhanced conductivity decays exponentially with time. A trapping character of the sub-band levels and their subsequent gradual emptying is proposed as a possible mechanism.
rhombohedrally distorted perovskite structure with the space group R3c. 4 Subsequent studies revealed that the tetragonal-like phase is actually a monoclinic phase which can be subcategorized as the M c phase. 5, 6 With an increase in film thickness, another variant of monoclinic structure begins to evolve in the form of lamellas/stripes which are embedded in the matrix of the original M c phase. 5 The possibility to electrically switch between these two phases, thereby producing efficient electromechanical responses, makes the strained system of BFO a rather attractive lead-free alternative for several applications. 7 Additionally, BFO is a wide band gap (≈ 2.7 eV) oxide semiconductor which allows electronic applications, like resistive switching. 8 Recently, Mössbauer studies revealed a simplified magnetic structure in the strained BFO films and hence they can be of great interest for future spintronic and magnonic devices. [9] [10] [11] Keeping in perspective the significant changes in general physical properties such as symmetry, ferroelectricity and magnetic structure induced by strain, one may also presume a significant variation in the electronic structure.
Here we show an important effect of strain on the electronic properties of BFO films. In particular, we show an enhancement of almost three orders of magnitude in the conductivity of strained BFO films after illuminating them with light of photon energy slightly higher than the band gap. This enhanced conductivity persisted over a period of time which exceeded many hours. Lately, such enhanced and persistent photoconductivity (PPC) has also been reported at the interface between two wide-band gap insulators, i.e. SrTiO 3 (STO)
and LaAlO 3 (LAO) 12, 13 (which are also known to exhibit a quasi-two-dimensional electron gas), 14, 15 and in STO crystals annealed at high temperature. 16 In these cases the PPC has been observed either due to an interfacial property or due to a deliberate formation of defect levels. 16 Here we show the manifestation of the persistent photoconductivity in BFO films as a strain-induced effect.
Film and structure
BFO films with nominal thickness of 110 nm and (001) pc -orientation were deposited by pulsed laser deposition on bare LAO (001) pc substrates. Details about the film growth can be found in the Methods section. Figure 1a shows an atomic force microscopy (AFM) image of a 110 nm thick BFO film grown on LAO. The morphology shows a rather complex pattern with lamella-like structures embedded in the film matrix. For detailed structural analysis, we performed reciprocal space map (RSM) studies around the (103) pc plane which is shown in Figure 1c . The RSM clearly depicts the epitaxial growth of BFO on LAO with an outof-plane lattice parameter of BFO in the range of 4.6 to 4.7Å. The corresponding c/a ratio is approximately 1.23. Moreover, the three-fold splitting of the BFO peak that is visible in the RSM is a clear hint to the M c phase. 5, 6 The cross-sectional TEM micrograph shown in Figure 1b indicates the epitaxial nature of the film and the abrupt film/substrate interface.
Persistent photoconductivity
Pristine BFO films show rather low conductivity. approximately 240 nS/cm. This is almost three orders of magnitude higher than the pristine conductivity value -a tremendous change in conductivity. In a separate measurement, this enhanced conductivity was measured as a function of time and is shown in Figure 2b . A gradual exponential-like decay of the conductivity was observed with time. Interestingly, the decay time is abnormally large and the high conductivity state persists for several thousands of seconds till it reaches the conductivity value of the pristine state. In the simplest of cases, it can be assumed that such a behavior follows a double exponential decay:
where σ is the conductivity, t is time, and τ 1 and τ 2 are the two decay times for the charge carriers. The fit of equation 1 with the data in Figure 2b (inset of Figure 2b ) yields two decay times τ 1 and τ 2 which are approximately 52 mins and 5.4 hours, respectively. We must emphasize here that these decay times cannot be considered to be a true characteristic of the material. In this approximation we are completely neglecting the existence of any sub-band level or any kind of thermally activated process. Nevertheless, the decay times are several orders of magnitude higher than the usual lifetimes of the carriers. Additionally, heating the sample to about 450 K and cooling down again to room temperature brings the conductivity back to the pristine state, or in other words resets the conductivity state to the pristine state. Such a drastic change in the conductivity at room temperature after switching off the illumination, and the possibility to revert back to the pristine state by heating the sample, clearly indicates to the presence of sub-band levels that can be activated by illumination and contribute to the conduction mechanism. As a result, the decay time of the conductivity is largely enhanced and is much higher than the usual lifetime of charge carriers.
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We assume that the origin of the persistent photoconductivity is a level or a distribution of levels that exist within the band gap of BFO, and are in proximity of the mobility edge.
A possible mechanism can be charging of these levels with carriers by light, either directly from the valence band or via conduction band and trapping. This will lead to a modification of the carrier statistics, especially the Fermi level. Consequently, some of the sub-band levels will change their character, from being ground states to trap levels or levels in thermal equilibrium with the allowed bands.
Spectral distribution
In order to validate such a mechanism, firstly we have to check for the existence of these levels. The required evidence may come from the spectral distribution of the photo-response. the photo-response indicates the existence of optically active sub-band levels which might be responsible for the PPC effect, we need to confirm further that these levels are also electronically active and hence can influence the conductivity of the material. We thus employed a technique to investigate thermally stimulated currents (TSC), to further elucidate on a sub-band level-mediated conduction in the strained BFO films.
Thermally stimulated currents
Measurement of thermally stimulated currents (TSC) is an efficient way of detecting and analyzing sub-band level mediated conduction mechanisms in dielectric and insulating materials. 20 The measurement involves stimulating the material at lower temperatures (in this case by light) followed by rapid cooling. Thereafter, the temperature is gradually increased with a simultaneous measurement of the current. The method has been employed intensively at the eve of semiconductor physics for characterizations of trap levels in typical semiconductors such as silicon and germanium as well as in wide band gap semiconductors such as CdS. 21, 22 Figure 4a shows the TSC spectrum when the sample had been (red), and had not been illuminated (blue) for 20 minutes at room temperature. There is an evident difference between the two spectra, which is an effect of illuminating the sample at room temperature.
The appearance of a peak in the TSC measurement clearly validates the role of sub-band levels in the conduction mechanism. The peak in the TSC measurement can be explained by the help of the schematic shown in Figure 4 (c-e) where E c and E v indicate the conduction and valence band edges, respectively. At room temperature when the BFO film is illuminated by light with energy higher than the band gap, non-equilibrium free carriers generated from the valence band will be trapped at the sub-band levels (Figure 4c ). The filling up of these levels will cause the quasi-Fermi level of electrons E Schematic showing band diagrams when c) the film is under illumination (hυ≥E c ) at room temperature with red and blue dots depicting electron and holes, respectively; d) the film is rapidly cooled, E n f rises above E t and the carriers are trapped; and e) the film is heated at a constant rate due to which E n f moves towards the middle of the band gap and consequently the previously trapped carriers come into equilibrium with E c . as the material is gradually heated, E n f moves towards the middle of the gap, and during this process crosses the sub-band level. As this happens, the carriers previously trapped in the level come into thermal equilibrium with the allowed bands (Figure 4e) . Consequently, there are additional carriers available which result in a higher conductivity and thus higher current. The current begins to increase at approx. 240 K (Figure 4a ) and peaks at 330 K, beyond room temperature. From 240 K, the E n f level continues to sweep across the sub-band level with increasing temperature, till most of the carriers have been freed from the sub-band level and the recombination processes begin to dominate. Hence, the current after reaching a maximum value begins to decrease. The TSC measurement based on thermal emptying of carriers can be explained by an equation of the type:
where J tsc is the current due to the charge carriers freed from a trap level, J t0 is the current due to the trapped carriers at 0K, τ is the lifetime of a carrier, γ is the heating rate, and P t is the probability of a carrier to escape from a trap level. The probability is temperature dependent and is given by:
where N c is the number of free states available in the conduction band, β n is the capture coefficient of the trap level and E a is the activation energy of the trap level. By fitting the measured data with equation 2 as shown in Figure 4b , the activation energy E a is found to be 0.26 eV. Keeping in perspective the spectral distribution of the photo-response, one might suspect that the level is situated at about 0.26 eV below E c .
Discussions
Based on the measurements of the spectral distribution and the TSC, the conduction mechanism in strained BFO films can be explained. The spectral distribution clearly suggests the existence of sub-band levels in the band gap of BFO. One of the levels seems to be rather deep at an energy level of 2.2 eV below E c and encountered while the wavelength is scanned between 550 to 650 nm. The peak due to this level is rather broad which could be due to the presence of a band of levels. The onset of photoconduction at an energy of approximately 2.45 eV, or 505 nm, indicates the presence of a level that is further in the vicinity of E c . The absence of a distinct peak suggests that the level, or the band levels, within this energy range are in close proximity with the bottom of the conduction band. This is further validated by the TSC measurement where a level at an energy 0.26 eV below E c was obtained. The persistent photoconductivity observed at room temperature is a direct consequence of pumping carriers into sub-band levels by light. The levels, which in the pristine state are empty, are pumped, which changes the carrier statistics by varying the Fermi level. So, while initially these levels are not contributing to the overall conduction mechanism, after illumination they come into thermal equilibrium with E c and participate in the conduction. The trap levels filled by initial illumination will gradually empty and eventually reset the Fermi level to the initial level. It is worth noting that cathodoluminescence studies for the non-strained rhombohedral BFO have shown the presence of levels at 2.4 and 2.2 eV. 23 The effect of these levels on the macroscopic conducting properties of rhombohedral BFO has never been proven although their effect on generation and recombination of photo-generated charge carriers has been shown by microscopic studies. 24 Here we have shown that in the monoclinic phase, which is stabilized by strain, one level is placed in the range between 2.47 eV and E c , and the other one at 2.2 eV. The presence of these levels in both phases of BFO proves the inherent nature of these levels in BFO. Nevertheless, in the strained BFO films, the effect of these levels on the conducting properties is massive. It can be speculated that due to the monoclinic phase, and hence a different arrangement of atoms, the potential surrounding these levels is largely affected. This eventually affects their capture cross-section. The capture cross-section of a level determines its ability to capture and re-emit the carriers. 18 Consequently the effect of these levels on the conduction mechanism is more evident than in the rhombohedral phase. The present study indicates that the conductivity of strained BFO is dependent on the history of the sample, particularly if the sample has been or not illuminated with above-band gap light. This might also provide an explanation for the high conductivity in strained BFO films which has been seen as a primary concern for the ferroelectric characterization of these films.
Conclusions
In summary, an enhanced and persistent photoconductivity in strained BFO films is shown. 
Photoelectrical measurements
The gap between the electrode was uniformly illuminated by a laser (Newport LQA405-85E) of wavelength 405 nm (hυ=3.06 eV) with a maximum power of 80 mW. The current was measured simultaneously using a high input impedance electrometer (Keithley 6517).
For the spectral distribution, the wavelength was varied by using a monochromator in tandem with a white light lamp and simultaneous measurement of photocurrent under an applied bias voltage. The photocurrent at each wavelength was then normalized with the power available for every wavelength, to obtain the effective photoresponse. All the electrical and photoelectrical measurements were performed in an optical cryostat (Janis VPF-700).
Thermally stimulated current measurement
For these measurements, the sample was illuminated by a laser of wavelength λ = 405 nm, under a bias voltage of 10 V at room temperature. The resultant electric field is much lower than the coercive electric field for BFO grown on LAO. 7, 25 The room temperature was chosen since it is also the temperature at which the persistent photoconductivity is observed. The sample was then cooled down rapidly under the bias voltage and was stabilized at 80 K. The temperature of the sample was then increased at 5 K/min and the current was measured while maintaining the bias voltage. 
